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Abstract: This paper deals with an original and non- 
biocidal chemical treatment consisting of a vacuum/pres-
sure impregnation step of beech wood with a water-borne 
mixture made from heat-activated condensation of suc-
cinic anhydride (SA) and glycerol (G). Chemical structures 
of adducts were established using matrix-assisted laser 
desorption ionization time-of-flight mass spectroscopy 
(MALDI-TOF) investigations. Beech wood was impreg-
nated and cured in order to induce in situ polymerization of 
glycerol/succinic adducts (GSA) in the cell walls, leading 
to the formation of polyglycerol succinate (PGS) polyester. 
Various treatment conditions were investigated depend-
ing on the duration (6–72 h) and curing temperature (103–
160°C). Weight percent gains (WPGs) ranging between 
40 and 60% were obtained. Attenuated total reflectance-
middle infrared spectroscopy (ATR-MIR) and carbon-13 
nuclear magnetic resonance (13C-NMR) spectroscopy con-
firmed polyester formation. A curing temperature of 160°C 
was found to be the best condition to totally avoid polymer 
leaching, and brought the anti-swelling efficiency (ASE) 
up to 64%. Decay resistance of PGS-treated wood against 
Trametes versicolor and Coniophora puteana was also 
strongly temperature and time dependent: performances 
fit with the EN113 standard requirements if a curing tem-
perature of 160°C was applied.
Keywords: decay resistance, dimensional stability, glyc-
erol, polyesters, succinic anhydride, wood modification
Introduction
Wood is a renewable material highly used in the construc-
tion industry and other applications, but its main disad-
vantages remain its durability and dimensional instability 
due to water sorption processes, causing rapid degrada-
tion of the material. Many effective biocidal treatments 
are dedicated to protect wood species with low natural 
durability against biological degradation, increasing 
their service life for outdoor applications, when required. 
However, biocidal wood treatments are nowadays consid-
ered as having an impact on the environment, regarding 
the release of biocides and the disposal of treated woods 
after their service life. Legislation, like the Biocidal Direc-
tive and the Registration, Evaluation, Authorisation and 
Restriction of Chemicals (REACH) regulation, also tends to 
limit the use of biocides (Schultz et al. 2007; Behrens 2015). 
Wood modification methods are targeted to overcome these 
drawbacks and additionally confer dimensional stability. 
These alternative methods proceed with impregnation of 
wood with a non-biocidal treatment product, followed by 
a curing step, in order to activate chemical reactions and 
fix the reacted product within the wood (Sandberg et al. 
2017). Amongst them, acetylation and furfurylation have 
been extensively studied during the last decades, succeed-
ing in industrial implementations, respectively, known as 
Accoya® and Kebony®. Acetylation is based on heat-acti-
vated grafting of hydroxyl groups with hydrophobic acetyl 
groups provided by impregnated acetic anhydride (Rowell 
2014). Furfurylation of wood consists of furfurylic alcohol 
impregnation in the presence of a catalyst and in situ heat 
polymerization (Lande et al. 2004; Sejati et al. 2017). Thus, 
cell walls remain in a constant swollen state (the so-called 
bulking effect) reducing dimensional instability induced 
by moisture content changes.
Over the last decade, the development of bio-based 
chemicals has been driven by the concern on the envi-
ronmental impact of petro-based chemicals and the high 
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versatility of oil prices (Yates and Barlow 2013). Accord-
ingly, numerous green polyesters have been developed: 
for example, poly-lactic acid (PLA) and poly-ethylene 
furanoate (PEF) are currently synthesized from, respec-
tively, lactic acid (LA) and hydroxymethylfurfural (HMF) 
bio-based platform molecules. Notably, bio-polyesters 
are designed for biomedical, packaging or coating uses 
(Zia et  al. 2016). In the course of development of non-
biocidal methods for wood protection, the combination 
of molecules as harmless as possible and easily avail-
able is thus of great interest. Noel et  al. (2009a,b, 2015) 
investigated wood bulking treatment with LA and poly-
butylene succinate (PBS). Recently, Larnøy et  al. (2018) 
and Guo et al. (2019) worked on a citric acid-based treat-
ment, respectively, associated with sorbitol and activated 
glucose. L’Hostis et  al. (2018) compared glycerol-based 
bio-polyesters (glycerol/citric acid and glycerol/tartaric 
acid) in situ polymerization in order to treat beech (Fagus 
sylvatica) wood. In our studies, beech was chosen as 
wood substrate, as this hardwood species is limited in its 
uses due to its low durability and instability for outdoor 
applications. Moreover, this is a very abundant species 
in Lorraine region (France), as well as in many areas in 
Eastern France and Europe, and significant improvement 
of its properties could promote new valorizations in the 
construction industry. In line with this previous work, the 
aim of this paper was to develop a waterborne beech wood 
treatment by polyglycerol succinate (PGS) formed in situ 
after impregnation of prepolymers of low molecular mass. 
In the past, Hill and Malone (1998) treated Scots pine with 
succinic anhydride (SA) for stabilization. Succinic acid is 
a platform molecule obtained by fermentation pathways 
and is used notably for PBS synthesis (Jiang et al. 2017). 
Glycerol is also an easy available platform molecule that 
is the main by-product of the biodiesel industry (Guerrero 
et  al. 2015; Okoye and Hameed 2016). Pure glycerol was 
used in polycondensation reactions to synthesize elas-
tomeric polyesters (Li et al. 2012; Halpern et al. 2014) or 
dendrimetric polymers (Zhang et al. 2014). However, there 
are still scarce studies concerning the synthesis of polyes-
ters from succinic acid and glycerol. Carnahan and Grin-
staff (2001) synthesized PGS dendrimers and Valerio et al. 
(2015) characterized polyesters from crude glycerol and 
succinic acid. Agach et al. (2012) proved the good stabil-
ity and non-ecotoxicity of PGS polyester, making it a good 
candidate for a green and non-biocidal wood treatment.
In the present work, the chemical characterization of 
PGS treatment product was first achieved outside wood, 
before and after curing. Concerning PGS beech modifi-
cation (i.e. impregnation and curing), the presence of 
polymer in the wood was followed with the determination 
of mass gain, as well as spectroscopic analysis. Chemicals 
leaching resistance from wood was investigated to ensure 
that the treatments could resist moisture which is a deci-
sive parameter for outdoor timber applications. Dimen-
sional stability and decay resistance toward Trametes 
versicolor and Coniophora puteana were evaluated.
Materials and methods
Chemicals: SA (>99% m/m) was purchased from Acros Organics 
(Geel, Belgium). Glycerol (bi-distillated, 99.5% m/m) was purchased 
from VWR Chemicals (Leuven, Belgium). 2,5-dihydroxy benzoic acid 
(>99.5% m/m) was purchased from Merck (Darmstadt, Germany). All 
chemicals were used without any further purification.
Sample preparation: All the samples were beech wood (Fagus syl-
vatica). Untreated quarter sawn planks conditioned at 20°C and 65% 
relative humidity (RH) were cut into samples of dimensions (longitu-
dinal, radial, and tangential):
 – 25 × 15 × 5  mm3 for leaching tests and carbon-13 nuclear mag-
netic resonance (13C-NMR) spectroscopy;
 – 20 × 20 × 20  mm3 for anti-swelling efficiency (ASE) measure-
ments and infrared spectroscopy;
 – 50 × 25 × 15 mm3 for EN 113 decay tests.
Prior to any treatment, the samples were oven-dried at 103°C until an 
anhydrous state was reached, and weighed (m1).
Impregnation solution preparation and analysis: The glycerol-suc-
cinate adduct (GSA) prepolymer was obtained by mixing and heat-
ing SA and glycerol (G) under stirring at 130°C for 15 min and then 
cooling to 20°C. The SA/G molar ratio was fixed at 1.44. Impregnation 
solutions were prepared by mixing GSA with distilled water under 
stirring at 20°C until complete dissolution.
The molecular weight distribution of GSA was determined 
by matrix-assisted laser desorption ionization time-of-flight mass 
spectroscopy (MALDI-TOF MS). The spectrum was recorded on 
 Shimadzu Biotech Axima Performance (Shimadzu, Kyoto, Japan). 
The prepolymer was dissolved in (1:1) water/acetone solution (v/v). 
The sample solution was mixed in equal amounts with the 2,5-dihy-
droxy benzoic acid (DHB) matrix. A total of 1.5 μl of NaCl in methanol/
mixture (0.1 mol l−1) was deposited on the MALDI target. After drying, 
1.5 μl of the sample was placed on the MALDI target. After evapora-
tion of the solvent, the target was introduced in the spectrometer.
Treatment processes: A batch of native beech replicates was pre-
pared for each treatment condition (formulation and curing tem-
perature) and for each test. Each batch was impregnated with the 
GSA solution under vacuum (20 min at 0.01 MPa) and then pressure 
(60 min at 1 MPa). Samples were weighed after impregnation (m2), 
and cured for different durations at different temperatures (103°C, 
120°C, 130°C, 140°C or 160°C), and weighed again to obtain their 
anhydrous mass after treatment (m3).
The impregnation rate (IR) and weight percent gain (WPG) were 
then calculated as shown in Equation 1 and Equation 2, respectively.
 2 1
1
m m IR   100
m
−
= ×  (1)
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 3 1
1
m m
WPG 100
m
−
= ×  (2)
Leaching resistance: In order to characterize the leaching resist-
ance of the different treatments, samples were soaked individually 
in a plastic flask with a screw cap containing 20 ml of distilled water. 
Five replicates were used for each variant. The flasks were then 
placed on a shaking table at about 120 rounds per minute at 20°C. 
Water was changed at the end of cycles of 1, 2, 4, 8 and 16 h giving 
a total leaching time of 31 h, according to the guidelines of the NF 
X 41-568 (2014) standard. Then, the wet samples were oven-dried 
at 103°C until an anhydrous state was reached, and weighed (m4). 
Leaching rates (LRs) were calculated according to the following for-
mula (Equation 3):
 3 4
3 1
m m
LR  100
m m
−
= ×
−
 (3)
Spectroscopic analysis: All spectra were acquired using a Per-
kin Elmer Frontier spectrometer equipped with an attenuated total 
reflectance-middle infrared spectroscopy (ATR-MIR) device. For the 
polymer resin analysis, 10 g of GSA solution was put in an aluminum 
tray in the oven at 160°C for 72  h to reach polymerization, leading 
to a yellowish stiff PGS resin. Thin layers of unleached treated or 
untreated wood samples (<1  mm) were obtained by splitting the 
20 × 20 × 20 mm3 blocks, thanks to a wood chisel. Each sample was 
analyzed directly on the crystal of the apparatus. A force of approxi-
mately 150 N was applied with a dedicated screwing device to ensure 
contact between both polymer and wood samples and the ATR crys-
tal. Each spectrum is an average of four sample spectra acquired with 
a resolution of 4  cm−1 after baseline correction and normalization 
after minimum and maximum value under absorbance axis using 
the Spectrum 10 software. Five replicates were used for each variant.
Nuclear magnetic resonance (13C-NMR): Solid state cross-polariza-
tion/magic angle spinning (CP/MAS) 13C-NMR spectra were recorded 
on a Bruker MSL 300 spectrometer at a frequency of 75.47 MHz. The 
acquisition time was 0.026 s with the number of transients of about 
1200. All the spectra were run with a relaxation delay of 5 s, CP time 
of 1 ms and spectral width of 20 000 Hz. Spinning rates were 5 kHz. 
Chemical shifts are expressed in parts per million (ppm). Untreated 
wood and two PGS wood samples, one treated at 120°C for 6 h and 
the other at 160°C for 24 h, were first finely milled in a cylinder mill. 
The resulting powder was then placed into adequate glass tubes and 
submitted for spectrometric analysis.
Decay resistance: After leaching according to EN 84 (1997), treated 
samples, as well as beech controls, were gamma ray sterilized prior 
to biological tests according to EN 113 (1996). Six replicates were 
used for each variant. The samples were exposed to T. versicolor 
(strain CTB 863A) and C. puteana (strain BAM ebw. 15) grown on a 
malt agar medium (40 g malt, 20 g agar per liter). Samples (both 
treated and untreated) were introduced in the culture flasks, and 
put on a grid to avoid waterlogging. Virulence control beech sam-
ples were also tested in the same way. The samples were kept for 
16 weeks at 22°C and 65% RH. After this period, the samples were 
cleaned and dried at 103°C until a constant mass was achieved (m5). 
Treated samples’ mass loss (ML) (%) was determined according 
to Equation 4, and control samples’ mass loss (control ML) (%) as 
defined in Equation 5:
 3 5
3
m m    1ML 0
m
 % 0−= ×  (4)
 1 5
1
m m % control     100
m
ML −= ×  (5)
Anti-swelling efficiency: For each studied treatment and controls, 
five samples were soaked in distilled water for 24  h, after 20  min 
under vacuum (0.01 MPa), to reach a moisture content above the fiber 
saturation point (FSP). The samples were measured in each direction 
using a measuring column at ±0.01 mm.
Afterward, the samples were placed at 103°C, until an anhy-
drous state was reached. Their anhydrous dimensions were meas-
ured to calculate the wood anhydrous volume. The swelling (S) of 
the samples was calculated according to the following expression 
(Equation 6):
 FSP anhydrousVolume of  volumeS
anh
 samples above % 10
ydrous volume
0−= ×  (6)
ASE was defined as shown in the following equation (Equation 7)
 
 treated wood  control samplesASE   100
 control sample
S
S s
S −
= ×  (7)
Results and discussion
Preparation of polymer and polymerization 
out of wood
One of the requirements to succeed in wood modification 
is to proceed using water-soluble molecules small enough 
to penetrate the cell walls. Noël et  al. (2015) reported 
polymerization of butylene succinate employing 180°C 
transesterification reaction of dimethyl succinate and 
butane-1,4-diol with a catalyst. In such conditions, non-
water-soluble oligomers were impregnated in a melted 
form. In the present study, reaction of SA with glycerol at 
a moderate temperature (130°C) succeeded in the forma-
tion of a water-soluble adduct, similar to the one obtained 
by Roussel et  al. (2001) using poly glycerol and maleic 
anhydride. Considering the functionalities of SA and G, 
respectively, equal to 2 and 3, the COOH/OH reactivity ratio 
was fixed at 0.96 (corresponding to the SA/G molar ratio 
of 1.44). These conditions meet the requirements to obtain 
PGS gelation after curing, as already shown by Agach et al. 
(2012). Accordingly, the composition (% w/wtotal) of treat-
ment solution is as follows:
G ratio (RG) = 17%, SA ratio (RSA) = 26% and  
water ratio (Rw) = 57%
As revealed from MALDI-TOF data (Figure 1), the 
resulting product consisted mainly the formation of linear 
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Figure 1: MALDI-TOF analysis of GSA prepolymer.
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adducts, due to higher reactivity of G primary hydroxyl 
group. The presence of ramified adducts was also detected. 
The condensation reaction involving glycerol second-
ary hydroxyl group can explain the presence of ramified 
compounds formed in smaller quantities due to the lower 
reactivity of secondary hydroxyl groups. It can be seen that 
there is no unreacted G remaining in the solution.
ATR-MIR spectra (Figure 2) of 72-h cured resins dis-
played as expected a characteristic ester carbonyl stretch-
ing (C=O) band around 1730 cm−1 and 1150 cm−1 (C-O) proving 
the effectiveness of polycondensation and ester bond for-
mation. OH bending peak is visible around 1410 cm−1. The 
absence of carboxylic stretching band around 1700  cm−1 
indicates that curing is complete. Regarding both the 
brittle aspect and insolubility of cured resin, and given 
the presence of ramifications, it can be assumed that the 
occurrence of crosslinking reactions is in good accordance 
with the initial SA/G molar ratio. Li et al. (2012) described a 
similar behavior when investigating the polymerization of 
G and sebacic acid.
Wood treatment
Mass gain: The data concerning the IR and WPG are shown 
in Table 1. The IR values (about 100% or over) proved a 
strong solution uptake of the modification solution into 
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Figure 2: ATR-MIR spectra of 72 h PGS sample, 72 h PGS-treated wood at different temperatures, and untreated wood.
Table 1: Impregnation rate (IR) and weight percent gain (WPG) for 
control and GSA treatments used for 20 × 20 × 20 mm3 samples as a 
function of durations and heating temperatures, expressed as mean 
value ± standard deviation.
Formulation  
Heating 
temperature 
(°C) 
IR 
(%) 
WPG 
(%) 
WPGta 
(%)
Distilled 
water 72 h
  103  109.4 ± 9.6  −0.3 ± 0.1 
  120  101.9 ± 14.4  −0.6 ± 0.1 
  140  108.4 ± 6.2  −1.3 ± 0.1 
  160  102.6 ± 6.7  −4.0 ± 0.3 
GSA 72 h   103  112.1 ± 1.4  40.1 ± 1.7  37
  120  109.1 ± 2.9  26.6 ± 4.9  36
  140  109.2 ± 2.2  27.5 ± 6.0  36
  160  108.5 ± 1.7  21.7 ± 5.8  36
GSA 24 h   103     
  120  97 ± 12  46 ± 4  32
  140  129 ± 12  54 ± 4  43
  160  130 ± 11  50 ± 3  43
GSA 10 h   103     
  120  126 ± 10  58 ± 5  42
  140  105 ± 10  48 ± 4  35
  160  123 ± 11  50 ± 4  41
GSA 6 h   103     
  120  130 ± 11  60 ± 4  43
  140  129 ± 12  58 ± 3  43
  160  112 ± 10  49 ± 3  37
aWPGt: theoretical weight percent gain is calculated using Equation 8.
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the wood material. WPGs vary from 40% down to 20% 
depending on the curing temperature. Water evaporation 
during the curing step partly explains why WPGs are far 
below the IR. It is well known that an esterification reac-
tion releases one water molecule as a by-product, so the 
increasing weight loss can be explained by higher water 
release associated with a high degree of esterification. So, 
theoretical WPG (WPGt) according to theoretical maximal 
water ML can be calculated using Equation 8:
 2t w G H O
WPG IR(1 R R 3M / MG)= − − ⋅  (8)
MG and 2H OM  are, respectively, water and glycerol mole-
cular weights, and 3 is the functionality of glycerol. The 
calculated WPGt values are mentioned in Table 1, as a 
function of their corresponding IR value.
So, it can be observed that when the curing time is 
kept under 72  h, WPGs are upper theoretical WPGt. This 
tendency traduces the fact that all reactive end groups 
have not reacted, giving a lesser ML from water release. 
For the 72 h curing series of treatments, higher WPGs were 
achieved with samples cured at 103°C than with samples 
cured at 120 and 140°C, and lowest WPGs were obtained 
with samples cured at 160°C. At 103°C, all reactive end 
groups had not reacted. When the curing temperature is 
brought to 120°C and above for 72 h, WPG is found below 
WPGt (37%), which can be attributed to an effect other 
than polycondensation of water and water evaporation. 
Li et  al. (2012) recall that glycerol forms an azeotrope 
with water, and may evaporate during the curing step. 
However, glycerol molecule is already esterified as a PGA 
adduct. Furthermore, water impregnated beech controls 
exhibit a negative WPG: if this phenomenon remains quite 
negligible for curing temperature ranging from 103°C to 
140°C, it becomes noticeable at 160°C, increasing up to 
4%. Concerning treated samples, the decrease of WPG with 
increasing curing temperature can be attributed to a combi-
nation of effects: water releasing due to polycondensation 
and wood thermal degradation. Even if the curing temper-
atures can be considered low compared to those employed 
in traditional thermal treatment, the non-inert atmosphere 
employed in this treatment favors this phenomenon, espe-
cially as the acidic character of impregnation solution 
(pH = 2.1) is known to enhance thermal degradation (El 
Hage et al. 2010). A similar effect was observed for citric 
acid/glycerol treatment (L’Hostis et al. 2018).
ATR-MIR spectroscopy
Both untreated and 72 h treated beech wood spectra are 
shown in Figure 2. The fingerprint region presents absorp-
tion bands at 1737 cm−1 (C=O in xylans of hemicelluloses), 
1660 cm−1 (absorbed water and conjugated C-O), 1595 cm−1 
and 1503  cm−1 (aromatic skeletal vibration of lignin), 
1456  cm−1 and 1423  cm−1 (C-H deformation in lignin and 
carbohydrates), 1371  cm−1 (C-H deformation in cellulose 
and hemicelluloses), 1325  cm−1 (C-H vibration of cellu-
lose), 1234 cm−1 (syringyl ring vibration of lignin), 1158 cm−1 
(C-O-C, stretching of holocellulose), 1030  cm−1 (C-OH 
stretching of holocellulose) and 897 cm−1 (C-H deformation 
in cellulose). All those assignments are widely reported in 
the literature (Pandey and Pitman 2003; Tjeerdsma and 
Militz 2005; Liu et al. 2017).
Spectra of treated beech samples compared to beech 
controls clearly show a strong increase of ester bands 
(C=O, 1729 cm−1 and C-O, 1140 cm−1), proving the presence 
of PGS polyesters. It is noticeable that ester peak inten-
sity increases with curing temperature, traducing a more 
intensive in situ polymerization reaction. This is congruent 
Table 2: 13C-NMR spectroscopy peaks assignments.
Chemical shifts (ppm)   Assignments (wood part)   Assignments (PGS part)
21   CH3 from hemicellulose acetyl  
30     C2 and C3 from succinic part
57   Lignin O-CH3  
62–65   Polysaccharides C-6   C5 and C7 from glycerol part
73     C6 from glycerol part
75   Polysaccharides C-2, C-3 and C-5  
  Lignin C-α and C-γ  
82   Polysaccharides amorphous C-4  
89   Cellulose crystalline C-4  
105   Polysaccharides anomeric C-1  
154   Lignin aromatics  
173   Hemicellulose ester groups   C4 type (ester)
176     C1 type (acid end group)
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with the absence of an acid peak or shoulder around 
1700 cm−1 as underlined by Natarajan et al. (2017). Further-
more, occurrence of wood grafting mechanism, due to the 
formation of ester linkage between wood hydroxyl groups 
and acidic terminal units, cannot be excluded, as it was 
already underlined by L’Hostis et al. (2018).
89,57 56,90
172,74 154,27 
105,49
88,80
82,38
75,19
64,92
56,70
21,27
176,96 171,01 154,27
154,27
88,71 84,43
154,27 72,88
66,19
56,96
21,63 26,97
21,21 
29,2365,18
72,8875,19
83,93
106,49
153,90
173,52
a
b
c
Figure 3: 13C-NMR spectra.
(a) Untreated beech wood, (b) PGS-treated wood for 6 h at 120°C and (c) PGS-treated wood for 24 h at 160°C.
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13C-NMR
13C-NMR was used to compare treatments with low and 
high severity treatments. Table 2 gives on the left column 
resonance assignments corresponding to native beech 
spectra (Figure 3a), based on Gilardi et  al. (1995) and 
Santoni et  al. (2015). Concerning treated wood spectra 
(Figure 3b and c), PGS signals previously identified by 
Agach et  al. (2012) are added to wood signals. Specific 
PGS assignments are presented on the right column 
of Table 2, using the carbon numbering proposed in 
Figure 4.
For the low severity treatment corresponding to 
Figure 3b (6  h, 120°C), a poor resolute and weak inten-
sity signal is observed between 173 and 176 ppm, which 
can be explained by the presence of both acid and ester 
functions, traducing a poor conversion into ester groups, 
thus limiting polymerization expansion. This finding is 
consistent with the previous analysis of WPG. For the 
high severity treatment corresponding to Figure 3c (24 h, 
160°C), an intense and thinner peak can be noticed 
at 173  ppm traducing a more intensive esterification 
reaction.
This tendency appears more clearly, comparing 
the higher intensity of succinic C3 carbons at 29 ppm in 
Figure 3c compared to Figure 3b. When high amounts of 
ester groups are formed, both succinic methylene carbons 
C2 and C3 become equivalent (alpha position from ester 
bond) and intensity is increased. In conclusion, 13C-NMR 
appears as a convenient tool to compare the intensity of 
this wood modification and confirms that long duration 
and high temperature are more efficient.
Leaching resistance: influence of heating 
temperature and duration of treatment
LR is of major importance: if chemicals are not correctly 
fixed, the efficiency of the treatment would decrease. A 
heating temperature of 103°C is not suitable to ensure a 
low LR, because even after 72-h treatment, leaching resist-
ance was approaching 18% (w/w). Further experiments 
were then conducted at an upper curing temperature, as 
plotted in Figure 5. Increase of the heating temperature 
led to a diminution of leaching resistance. LR dramati-
cally fell down to 2% or less when the heating treatment 
was driven at 120°C, 140 or 160°C during 72 h. Leaching is 
practically avoided at 160°C curing.
In order to verify the feasibility of the treatment in 
conditions that can fit with industrial requirements, the 
heating duration of treatment was shortened (6  h, 10  h, 
24  h), limiting the range of temperature between 120°C 
and 160°C. Duration plays a major role in the fixation of 
chemicals: especially for low temperature treatments, 
strong variations of LR were observed, starting from 50% 
LR when conducted during 6  h down to 5% for 24  h at 
Figure 4: Carbon numbering of GSA prepolymer model for 13C-NMR 
assignments.
60%
50%
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 (%
m/
m)
20%
10%
0%
6 h 10 h
120°C 140°C
Treatment duration and temperature
160°C
24 h 72 h 6 h 10 h 24 h 72 h 6 h 10 h 24 h 72 h
Figure 5: Leaching rates (LRs) of PGS beech wood treated at various temperatures and durations.
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120°C. This result is in accordance with 13C-NMR observa-
tion that at 120°C, there are remaining carboxylic acid and 
few ester groups, traducing a poor conversion and result-
ing in non-permanent treatment. PBS-treated wood by 
Noël et al. (2015) gave a similar result (22% leaching) at 
120°C during 6 h. As shown in Figure 5, as soon as curing 
is conducted at higher temperatures (140°C and 160°C), 
LRs are very low. It can be assumed that, starting from 
140°C curing treatment, polyester size is high enough to 
be retained inside the cell walls. A higher temperature 
such as 160°C does not significantly improve LR.
The results are similar to those previously obtained 
by L’Hostis et al. (2018) with citric acid/glycerol treatment 
and Larnøy et  al. (2018) with citric acid/sorbitol treat-
ment: Impregnated samples cured at 140°C or more did 
not leach out unlike samples treated at 103°C.
Anti-swelling efficiency
ASE results are given in Table 3. The dimensional stability 
of beech wood is significantly improved by GSA impreg-
nation and 72 h curing. ASE is greatly increased with the 
curing temperature (about 60% at 160°C). As expected, 
water impregnated control presents lower dimensional 
stability, with an ASE of about 30% at 160°C. Thermal 
degradation of wood macromolecules is known to have 
a major impact on the hygroscopic properties (Hakkou 
et  al. 2005), and can explain in part those moderate 
ASE, by diminishing the hygroscopicity of the material. 
Thermal degradation of the wood cell wall macromol-
ecules is catalyzed by acidity (El Hage et  al. 2010), and 
can also be responsible for the augmentation of the ASE 
compared to water impregnated samples. Noël et  al. 
(2015) treated beech wood at 120°C with PBS oligomers. 
Poor ASE (below 20%) was obtained despite a significant 
WPG. This phenomenon was attributed to a very weak 
penetration of PBS oligomers into cell walls, probably 
because of their very high molecular weight. The effect 
of such treatment was more “lumen filling” rather than 
“cell wall bulking” and cannot confer any significant ASE 
to the modified wood. The present treatment based on 
water-soluble low molecular weight prepolymers (GSA) 
avoided this drawback and favored GSA diffusion in 
wood cell walls before polymerization (bulking effect) as 
already described by Kluppel and Mai (2013).
Decay resistance
Decay tests were restricted to longest treatment durations 
(24 h and 72 h) considering leaching results. As shown in 
Figure 6, decay resistance of PGS-treated wood strongly 
depends on the curing temperature and duration. Control 
samples placed in the same flasks as the treated samples 
showed a significant degradation (over 20% ML), likewise 
the virulence control, proving that the fungi in the test 
were discriminant enough regarding the treatment effects 
against T. versicolor and C. puteana. Below 160°C, the kinet-
ics of the treatment plays a major rule, showing a strong 
improvement of decay resistance after 72  h compared to 
24 h. As soon as 160°C is applied, ML is reduced below 3%, 
satisfying EN 113 standard requirements. Unlike leaching 
data, there is a strong improvement of decay resistance 
Table 3: ASE results for 72-h PGS-treated wood at different 
temperatures compared to water-treated wood (mean 
value ± standard deviation).
Formulation   Treatment temperature (°C)  ASE (%)
Water   103  8.8 ± 6.5
  120  13.6 ± 1.3
  140  13.5 ± 2.6
  160  31.6 ± 3.2
GSA   103  48.5 ± 5.0
  120  50.5 ± 6.2
  140  57.5 ± 3.5
  160  64.0 ± 7.0
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Figure 6: Decay resistance.
ML (% w/w) after degradation by (a) Trametes versicolor and (b) 
Coniophora puteana.
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when moving from 140°C to 160°C at 24-h curing. It can be 
assumed that hydrophobicity is increased and regarding 
the diminution of WPG at 160°C, that thermal wood deg-
radations could play a role in the improvement of decay 
resistance. There is a consistent finding with our previous 
study about citric-glycerol and tartaric glycerol treatments 
(L’Hostis et  al. 2018) that 160°C is the required level for 
curing regarding this property.
Conclusion
This study explores a new route for treating wood with 
water-based polyester. PGS modification of beech wood 
has proven a strong enhancement of several usage prop-
erties. Namely, dimensional stability and decay resistance 
have been widely increased without inducing a major risk 
of chemical leaching in the environment. Those proper-
ties depend on the treatment conditions (duration, tem-
perature), which are important factors taking part in the 
esterification reactions allowing the chemicals to polym-
erize and potentially to graft on the wood macromole-
cules. A curing temperature of 140°C during 24  h seems 
to be the required threshold to avoid leaching. Higher 
curing temperatures, typically at 160°C, improve ASE and 
mainly resistance to decay rather than at 140°C. Concern-
ing the longest curing periods (72 h), loss of WPG may be 
also imputed to acid catalyzed hemicellulose degradation 
and may induce weakening of wood structure. Mechani-
cal properties remain to be studied: a stiff and brittle 
behavior, increasing with duration and heat level, could 
be expected which can be problematic for machinery 
processing and assembly. At the same time, the extent of 
wood degradation may contribute positively to the decay 
resistance of PGS-treated beech wood.
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